<fv* 

© 

«s: 


BR 

MEMORANDUM  REPORT  NO.  1901 

MILLIMETER  WAVE  RADIOMETRIC  DETECTION  OF 
TARGETS  OBSCURED  BY  FOLIAGE 

by 

Richard  A.  McGee 

January  1968 

This  document  has  been  approved  for  public  release  and  sale; 
its  distribution  is  unlimited. 


U.  S.  ARMY  MATERIEL  COMMAND 

BALLISTIC  RESEARCH  LABORATORIES 

ABERDEEN  PROVING  GROUND,  MARYLAND 


Destroy  this  report  vhen  it  is  no  longer  needed. 


The  findings  in  this  report  are  not  to  be  construed  as 
an  official  Department  of  the  Army  position,  unless 
so  designated  by  other  authorized  documents. 


<•  . .  ••xt  ■  . . . . . 


UNCLASSIFIED 


AD_  667  962 


MILLIMETER  WAVE  RADIOMETRIC  DETECTION  OF 
TARGETS  OBSCURED  BY  FOLIAGE 

R ichard  A  .  McGee 

Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 

January  1968 


Processed  for . . . 

DEFENSE  DOCUMENTATION  CENTER 
DEFENSE  SUPPLY  AGENCY 


©lLH^l^DKl@lrO©ySll 

FOR  FEDERAL  SGEhTiflC  AND  TECHKiCAi.  INFORMATION 


U.  S.  DEPARTMENT  OF  COMMERCE  /  NATIONAL  BUREAU  OF  STANDARDS  /  INSTITUTE  FOR  APPLIED  TECHNOLOGY 


BALLISTIC  RESEARCH  LABORATORIES 


MEMORANDUM  REPORT  NO.  1901 


JANUARY  1968 


MILLIMETER  WAVE  RADIOMETRIC  DETECTION  OF 
TARGETS  OBSCURED  BY  FOLIAGE 


Richard  A.  McGee 


Ballistic  Measurements  Laboratory 


This  docusent  has  been  approved  for  public  release  and  sale; 
its  distribution  is  unlimited. 


RDT8E  Project  No.  1M523801A286 


ABERDEEN  PROVING  GROUND,  MARYLAND 


BALLISTIC  RESEARCH  LABORATORIES 


MEMORANDUM  REPORT  NO.  1901 


RAMcGie/sjw 

Aberdeen  Proving  Ground,  Md. 
January  1968 


MILLIMETER  WAVE  RADIOMETRIC  DETECTION  OF 
TARGETS  OBSCURED  BY  FOLIAGE 


ABSTRACT 

The  problem  of  passive  detection  by  millimeter  wave  radiometry  of 
metallic  targets  obscured  by  foliage  and  other  vegetation  is  defined  and 
discussed.  A  model  of  the  foliage  obscuration  situation  is  presented 
and  evaluated  on  the  basis  of  data  collected  in  a  field  measurement 
program.  Results  obtained  show  the  millimeter  wave  radiometric  obscura¬ 
tion  to  be  greater  than  the  optical  obscuration.  Curve  fitting  techniques 
indicate  a  quadratic  relationship  between  radiometric  and  optical  obscura¬ 
tion;  hence,  the  maximum  range  of  a  radiometric  system  will  be  reduced 
linearly  with  optical  obscuration  instead  of  theoretically  with  a  square 
root  relationship.  Further  refinements  of  the  model  are  discussed  and 
are  to  be  included  in  a  general  foliage  penetration  model  to  be  evaluated 
at  a  later  date. 
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I.  INTRODUCTION 


Target  detection  in  a  foliage  environiaent  is  a  difficult  task. 

Passive  detection  with  radioeetric  techniques  depends  on  the  detection  of 
radiated  energy  (or  lack  of  it)  in  the  millimeter  wave  region  of  the 
electromagnetic  spectrus  froa  a  metallic  target  obscured  by  foliage.  An 
opaque  object  between  the  target  and  the  radiometer  attenuates  the 
radiated  energy  froa  the  target.  The  obstructing  object  also  contributes 
energy  proportional  to  its  effective  tesperature  and  eaissivity.  The 
ability  to  distinquish  the  contrast  between  a  target  and  its  b«:ckgxound 
is  reduced  in  the  event  of  foliage  obscuration  of  the  target. 

In  the  course  of  several  measurement  prograns  with  millimeter  wave 
radiometers  at  the  Ballistic  Research  Laboratories  (BRL),  the  effect  of 
sparse  foliage  located  between  the  radioaeter  and  target  was  to  degrade 
the  target -background  temperature  contrast  more  than  the  radiometric 
range  equation  would  predict.  The  apparent  blockage  or  obscuration  of 
radioaetric  reflected  sky  energy  was  consistently  mere  than  was  indicated 
by  the  optical  blockage. 

A  series  of  measurements  were  taken  to  investigate  the  relationship 
between  blockage  of  radiometric  reflected  sky  energy  and  optical  blockage 
of  a  target  by  foliage.  The  data  froa  the  measurements  were  used  to 
derive  an  empirical  relationship  which  could  be  used  in  the  radioaetric 
range  equation  to  provide  more  realistic  performance  standards  for  radio¬ 
aetric  systems. 

Reduction  of  radiometer  range  occurs  with  obscuration  of  the  target 
by  foliage.  This  reduction  of  range  depends  on  the  radiometric  blockage. 
This  report  examines  the  dependency  of  the  range  reduction  and  radioaetric 
blockage  on  optical  obscuration. 
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II.  THEORETICAL  CCNSIDF0*'"* 

A.  Planck's  Law 

Radioes  try  may  be  defined  as  the  technique  of  measuring  electro¬ 
magnetic  energy  considered  as  thermal  radiation.  An  object  heated  to  a 
temperature  above  absolute  zero  will  radiate  electromagnetic  enet^  in 
accordance  with  Planck's  law 


F 

v 


2uhv^ 

T~ 


a) 


where  F  =  power  emitted  from  unit  area  perpendicular  to  direction  of 

.  .  „  watt -second 

emission  m  units  of  — ^ - 

cm  -  sterad 


h  =  Planck's  constant  in  6.62  x  10* 


>r£-sec 


v  =  frequency  in  hertz 

*0 

c  =  velocity  of  light  in  2.997  »  lu‘  cm/sec 

-16 

k  •»  Boltzmann's  constant  i-  x.38  x  10  erg/ deg 

T  =  absolute  temperatu'ra  in  °K. 


If  hv  «  kT,  which  is  usually  the  case  for  millimeter  and  longer  wave¬ 
length  signals,  Planck's  law  reduces  to  the  Rayleigh- Jeans  approximation 

2k-_ ,2 

F  =  — ~Y~  •  The  power  available  at  the  terminals  cf  an  isotropic 
c 

linearly  polarized  antenna  is  Pg  =  kTdv  which  is  the  familiar  kTB  formula 
used  in  the  noise  analysis  of  amplifiers. 

A  body  upon  which  wide-bana  electromagnetic  radiation  impinges  cay 
transmit,  reflect,  or  absorb  certain  spectral  portions  of  this  radiation. 
An  object  which  absorbs  all  of  the  incident  radiation  is  known  as  a  black 
body.  Thermal  power  received  by  a  radiometer  is  a  combination  of  three 
factors : 

(1)  Actual  molecular  target  temperature  and  emission 

(2)  Reflected  skv  temperature 

(3)  Path  attenuation  and  emission  contributions. 

Neglecting  path  contributions,  the  target  contrast  with  background 
is  defined  as 


(2) 


6T  *  £BTB  -  EtTt  *  CcB  -  Ts 

where  Eg  =  enissivity  of  background,  ratio  of  emission  teaperature  to 
the  real  teaperature 

Tg  =  theraal  temperature  or  the  background,  °K 

=  eaissivity  of  target,  ratio  of  eaission  teaperature  to  theraal 
teaperature 

T  =  theraal  teaperature  of  target,  °K 
Pg  =  reflectivity  of  background,  equivalent  to  1  -  Cg 
Pt  -  reflectivity  of  target,  equivalent  to  1  -  e 
Ts  =  teaperature  of  sky,  °K. 

Equation  (2)  shows  an  apparent  teaperature  differential  say  exist 
between  a  target  and  its  background  with  both  at  the  saae  theraal 
teEperature  if  the  reflectivities  differ.  Since  Pt  1,  for  petals. 

Eg ^  1  for  vegetation  and  noting  that  e  =  1  -  p,  the  tecperature  of  the 
target  is  nearly  equal  to  while  the  radiometric  temperature  of  the 
background  is  nearly  equal'  to  Tg;  therefore  &T  e.  Tg  -  T  .  The  tempera¬ 
ture  of  the  sky  is  typically  about  30°K  at  an  8.6-ms  wavelength  while 
the  background  temperature  of  vegetation  is  in  the  vicinity  of  290°k. 
Typically,  millimeter  wave  radiometric  temperature  contrasts  between  a 
ground-based  target  and  background  are  approximately  200°K.  This 
teaperature  contrast  car  be  used  to  detect  targets  in  clutter  by  staking 
radicaetric  eeasurcaents  of  temperature. 

8.  The  Radicsaeter  Range  Equation 

* 

The  range  eqsiation  for  a  Dicke  radiometer  may  be  expressed  as 
7  xS  fD/l.S)2  57  ,, rt 1/2 

t  /  III  \ 

®  ?  \2S/  ^ 

2Li  (S/X}  (F  ♦  1)  To 
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S,  (Siang;  ''A  Study  an  Oicrrosate  radiate. try.  *  Frankfcrd  Arsenal 
Hsaararuzcn  Bsport  £ 55-4-2 ,  July  1952. 
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where  ,$t  -  target  area  in  square  feet 
D  =  antenna  diameter  in  feet 

AT  =  temperature  contrast  between  target  and  background  in  °K 
L  =  atmospheric  loss 
X  =  wavelength  in  feet 

S/N  =  signal  to  noise  ratio 
F  «  radiometer  noise  figure 

Af  =  predetection  bandwidth 
B  =  postdetection  bandwidth 

Tq  =  radiometric  temperature  of  background 

R  =  range  in  feet. 

Any  foliage  between  the  target  and  radiometer  has  the  effect  of 
reducing  the  range  at  which  the  target  can  be  discriminated  from  the 
background.  Effectively,  this  range  reduction  occurs  because  the  area 
of  the  target  seen  by  the  radiometer  is  reduced.  Therefore,  though  range 
is  proportional  to  in  the  range  equation,  measurements  indicate  that 
the  range  reduction  is  consistently  greater  than  indicated  by  the  »^~. 

III.  TEST  PROCEDURES 

A  measurement  program  was  initiated  in  order  to  investigate  the 
relationship  of  optical  obscuration  to  radiometric  obscuration.  The 
radiometer  used  was  a  35  GHz  Radiometric  Tracking-Measuring  System,  K.S.D. 
No.  401  modified  by  BRL  to  operate  in  the  Dicke  mode.  This  system  has  an 
RMS  temperature  sensitivity  of  0.4°K  for  a  0.3  sec  postdetection  integra¬ 
tion  time  constant.  The  antenna  beamwidth  is  2.7  degrees  at  the  3  db 
points.  A  100-foot  aerial  tower,  shown  in  Figure  1,  was  used  to  position 
the  radiometer  at  different  heights  and  depression  angles,  with  respect 
to  the  target. 

Differing  amounts  of  obscuration  were  attained  by  positioning  the 
radiometer,  moving  the  target  and  removing  foliage.  The  target  used  was 
a  16  square-foot  metal  plate.  It  was  painted  yellow  and  positioned  at  30 
degrees  with  respect  to  the  horizon  to  ensure  that  it  reflected 
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FIGURE  I  -  TEST  AND  MEASUREMENT  SETUP 


the  coldest  portion  of  the  sky  near  the  zenith.  For  each  test  position, 
a  35-mm  color  photograph  was  taken  of  the  painted  target  to  provide  an 
optical  contrast.  Optical  blockage  was  determined  from  the  photograph. 

A  black  body  source  at  a  known  temperature  was  used  to  calibrate 
the  radiometer.  The  black  body  consisted  of  a  microwave  absorber  main¬ 
tained  at  a  uniform  temperature  by  uniformly  heated  circulating  air.  The 
system  was  calibrated  before  and  after  each  measurement  to  check  radio¬ 
meter  stability.  In  most  cases,  the  target  did  not  fill  the  radiometer 
beam.  A  beam- filling  factor  was  determined  by  repeating  each  measurement 
without  foliage. 

The  measurement  procedure  consisted  of  the  following  steps  for  each 
position  and  amount  of  obscuration: 

1.  Calibrate  radiometer  with  black  body. 

2.  Photograph  target  through  foliage. 

3.  Measure  radiometric  temperature  of  target  obscured  by 
foliage . 

4.  Remove  target  and  measure  radiometric  temperature  of 
background. 

5.  Record  height  and  depression  angle  of  radiometer. 

6.  Place  target  in  the  open  with  no  obscuration. 

7.  Measure  radiometric  temperature  of  open  target. 

8.  Photograph  open  target. 

9.  Remove  target  and  measure  background  temperature. 

10.  Recalibrate  radiometer  with  black  body. 

IV.  FIELD  MEASUREMENT’S  AND  DATA  REDUCTION 

A  total  of  46  measurements  were  made  on  two  dates,  26  June  and  31 
July  1967,  at  Spesutie  Island,  Aberdeen  Proving  Ground,  Maryland.  The 
zenith  sky  temperature  was  30°K  and  the  ambient  temperature  (thermal) 
ranged  between  294°K  and  303°K.  The  data  are  tabulated  in  Table  I. 
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Measured  data,  not  calculated 


Table  I.  Data  and  Results  (Continued) 
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Measured  data,  not  calculated 


The  first  step  in  reducing  the  data  is  the  determination  of  the 
beam-filling  factor.  Under  beam-filling  conditions,  the  radiometric 
temperature  of  the  target  equals  the  sky  temperature  since  the  reflec¬ 
tivity  is  approximately  unity  at  35  GHz.  Consider  the  non-beam-fillir.g 
case  as  illustrated  in  Figure  2. 

A  portion  of  the  background  area,  k^,  is  seen  by  the  radiometer. 

The  radiometric  temperature,  T  ,  measured  by  the  radiometer  is  higher 
than  Ts  because  of  emission  by  the  background.  The  average  power 
received  by  the  radiometer  is  the  sum  of  two  quantities.  One  quantity  is 
power  received  from  the  target  which  is  proportional  to  T  times  A, .  The 
other  quantity  is  the  power  received  from  the  background  which  is  propor¬ 
tional  to  Tg  times  k^.  The  total  average  power  received  by  the  radio¬ 
meter  is  proportional  to  Tm  times  (A^  +  A2) . 


VA1  +  *2)  =  TsAl  +  V2 


T-  =  T^)*T»(^) 


Define  E  = 


Ai  *  h. 


the  beam-filling  factcr. 


Tffl  =  ETs  ♦  (1  -  E)  TB 


Solve  for  E 


TB-Tm 


T*  T  *  v. '  j 

B  ”  s 

All  the  factors  on  the  right  hand  side  of  Equation  (7)  are  determined  from 
the  unobscured  reflector  data. 

Optical  obscuration  is  determined  from  the  color  photographs  of  the 
obscured  target.  The  photograph  is  projected  on  cross-sectional  graph 
paper.  From  this  projection  the  ratio  of  the  target  area  obscured  to  the 
total  target  area  is  computed.  This  ratio  is  defined  as  the  optical 
blockage  (obscuration),  B1. 
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A,  *  AREA  OF  TARGET 

T#  *  RADIOMETRIC  TEMPERATURE  OF  TARGET 

T#  *  RADIOMETRIC  TEMPERATURE  OF  BACKGROUND 

A,  +  A*  *  TOTAL  AREA  SUBTENDED  BY  RADIOMETER  BEAM 


FIGURE  2  -  MODEL  FOR  DETERMINATION  OF 

BEAM  FILLING  FACTOR 


Radiometric  blockage,  B,  is  computed  using  the  model  shown  in 
Figure  3.  The  average  power  received  by  the  radiometer  consists  of  three 
quantities  as  follows: 

TsAn  =  Average  power  received  from  A^. 

TBA12  =  AveraSe  power  received  from  AJ2. 

=  Avera8e  power  received  from  the  background. 

^fflCAl  +  Ay)  =  Total  average  power  received  by  radiometer. 

VAi  *  v  -  Vn  *  Vi!  *  Vz 

A”  '  7  A*~  v  '  *2 


a 


(8) 

C9) 


B  Aj  +  ^ 


T  -  T  *»/  Al  \  .  T  t±l(  A1  \ 

"  AA^.aJ  \A~TajJ 

A1 

The  quantity  was  previously  defined  as  e,  the  beam- filling 

A  z.  A  A 

>r.  It  follows  that  1  -  E  =  - — ~ —  .  Define  B  =  12  - 


factor.  It  follows  that  1  -  E  =  _ 

A.  +  a_  '  - -  £ - 

Obscured  area  of  target  .  1  .  £  i 

iotal  area  of  target  *  Substituting  E  and  B  into  Equation  CIO) , 


Tm  =  Ts(1  ’  B)  E  +  TbBE  +  TB(1  -  E)  . 


(ID 


Solve  Equation  (11)  for  B, 


B  = 


V  ^S  -  a  -  E)  T 


B 


E(TB  "  V 


(12) 


Each  term  in  Equation  (12)  is  known  or  computed  from  the  data;  therefore, 
B  can  be  evaluated  for  each  measurement. 


V.  RESULTS  AND  DISCUSSION 

Figure  4  is  a  graph  of  B  (radiometric  blockage)  versus  B1  (optical 
blockage).  In  general,  the  radiometric  blockage  is  higher  than  the 
optical  blockage.  A  linear  least-squares  approximation  was  fitted  to  the 
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A„  +  An  +  At  *  TOTAL  AREA  SUBTENDED  BY  RADIOMETER  BEAM 
An  *  OPEN  AREA  OF  TARGET  AT  TEMPERATURE  Tt 
Ait  *  OBSCURED  AREA  OF  TARGET  AT  TEMPERATURE  T* 
At  *  AREA  OF  BACKGROUND  AT  TEMPERATURE  T» 

Ait  +  A,t  *  A, ,  THE  AREA  OF  THE  TARGET 

FIGURE  3  -  MODEL  FOR  DETERMINATION  OF 

RADIOMETRIC  BLOCKAGE 
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data.  The  linear  regression  of  B  (the  dependent  variable)  on  B*  (the 
independent  variable)  is  B  =  0.842B'  ♦  0.216,  which  has  a  standard  error, 
S&  g, ;  equal  to  0.15.  If  the  dependent  and  independent  variables  are 
interchanged,  the  linear  regression  line  for  B*  on  B  is  B  =  1.05B’  +  0.097 
with  S  .  n  =  0.15.  The  two  regression  lines  in  Figure  4  are  not  the 
saae.  This  is  to  be  expected  since  the  cosputed  correlation  factor  was 
♦  0.88.  If  the  data  were  perfectly  correlated  and  a  linear  relationship 
existed  between  the  variables,  then  the  two  regression  lines  would  be 
coincident.  In  order  to  achieve  a  better  fit  to  the  data  two  curvilinear 
fits  were  also  used.  An  exponential  curve  was  fitted  yielding 

=  0.145. 

—  0.165. 


B  =  1  -  1.55e~^*^^®  for  B  on  B*  with  a  standard  error  S 


B,B’ 


2  717R* 

Kith  B*  on  B,  the  relationship  is  B  =  0.0988e  *  with  S, 


B*,B 

The  exponential  fit,  shown  in  Figure  5  has  approximately  the  saee 

standard  error  as  the  linear  fit.  A  quadratic  curve  was  also  fitted  to 

the  data,  yielding  the  relationship  B  =  -0.02.+  1.94B*  -  0.923(B*)2,  with 

B  as  the  dependent  variable  and  B*  as  the  independent  variable.  The 

standard  error  is  S„  D.  =  0.1177.  For  B*  on  B,  we  get  B  =  0.103  *  1.59B* 

2  ***** 

-  0.7(B’)  with  Sg,  g  =  0.1178.  These  curves  are  shown  in  Figure  6.  The 
quadratic  curves  yielded  a  better  fit  than  the  exponential  or  linear  fits. 
Also,  the  two  curves  derived  by  switching  dependent  and  independent 
variables  Batch  very  well.  A  higher  degree  polynoninal  fit  would  not  be 
considered  useful  for  an  enpirical  relationship,  at  least  not  until  a 
aore  sophisticated  aodel  is  derived.  Ke  may  conclude,  therefore,  that 
the  optical  blockage  and  radioaetric  blockage  appear  to  be  related 
quadraticaily  rather  than  linearly. 

When  evaluating  the  performance  of  a  radioaetric  systea,  the  range 
reduction  factor  in  the  foliage  situation  is  used.  This  factor  is 
derived  as  follows.  Pros  the  radioseter  range  Equation  (3) 


R  2  =  kA 
o 


(13) 


where  k  is  a  proportionality  factor  A  =  area  of  the  target,  Rq  =  range 
for  open  target.  If  the  target  is  obscured  by  a  factor  B,  then  the 
visible  portion  of  the  target  is  Afl  -  B).  The  theoretically  obscured 
range,  R,  is  detenained  by 
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R  =  kA(l  -  B) 


-  ^A(l  -  B)  . 
kA 


— .... 

Figure  7  shows  —  =  /l  -  B  versus  B}.  Since  B  and  B*  are  related 


quadratically,  then  should  be  related  linearly  with  B*.  A  least-squares 

®  R 

linear  fit  was  calculated  yielding  the  following  relationship  for  on 

o 

B}:  R/R  =  -0.837B'  +  0.947,  SD/D  D  =  0.112.  For  B'  on  R/R  : 

O  K/  K  0 

O  * 

R 

R/R  =  -0.961B*  +  1.01,  S_,  =  0.115.  ■=—  appears  to  be  best  approxi- 

O  b  *  K/  K  K 

0  o 

mated  by  a  linear  relationship  to  B*. 

The  spread  in  the  data  tends  to  indicate  that  a  better  model  is 
needed.  At.  least  three  points  of  refinement  may  be  considered.  First, 
the  foliage  may  not  have  the  same  radiometric  temperature  as  the  back¬ 
ground.  Leaf  temperature  may  vary  depending  on  the  orientation  of  the 
leaves,  their  emissivity  and  reflectivity.  Second,  the  radiometric 
temperature  of  the  branches  may  be  different  from  that  of  the  background. 
Third,  the  effect  of  diffraction  may  not  be  properly  accounted  for  because 
the  foliage  has  depth  and  is  not  a  thin  mask  as  in  the  original  model. 

These  problem  areas  should  be  examined  individually  and  a  better  model 
derived. 

In  summary,  the  radiometric  penetration  of  foliage  is  a  difficult 
problem  to  model  and  to  study,  especially  in  the  area  of  repeatability 
of  measurements.  Despite  the  measurement  difficulties,  however,  our 
investigations  show  that  radiometric  blockage  and  optical  blockage  are 
related  quadratically.  Hence,  the  range  reduction  factor  is  related 
linearly  to  optical  blockage. 
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